ABSTRACT: The distribution of prokaryotic abundance (PA), prokaryotic heterotrophic production (PHP), and suspended particulate organic material (POM), as well as total and dissolved (operationally defined as passing through 0.2 µm pore size filters) potential extracellular enzymatic activities (EEA; α-and β-glucosidase [AGase and BGase], leucine aminopeptidase [LAPase], and alkaline phosphatase [APase]) were determined in the meso-and bathypelagic waters of the (sub)tropical Atlantic along an eastern zonal transatlantic transect and a western N-S transect. Significant differences between both transects were found for POM concentration but not for PA, PHP (except in the subsurface and oxygen minimum layer), and dissolved and total EEA. PHP decreased by 3 orders of magnitude from the lower euphotic zone to bathypelagic waters, while PA and cell-specific PHP decreased only by 1 and 2 orders of magnitude, respectively. The proportion of the dissolved to the total EEA was high in the dark ocean for all the enzymes, ranging from 54 to 100, 56 to 100, 65 to 100 and 57 to 97% for AGase, BGase, LAPase and APase, respectively. The kinetic parameters (V max and K m ) of both the dissolved and total fractions of LAPase and APase were very similar throughout the water column, suggesting a similar origin for both dissolved and particulate EEA. Significant correlations of both dissolved and total EEA were found with prokaryotic metabolism and the POM pool. Based on the previous notion that the fraction of dissolved EEA is higher in particle-attached than in free-living microbes, our results suggest that microbial activity in the dark ocean occurs mainly on colloidal and particulate material. This is in agreement with recent genomic evidence. However, these colloidal and particulate materials are prone to disruption during the sampling process. Hence, more selective sampling techniques are needed to specifically collect these deep-water aggregates that probably represent hotspots of microbial activity in the deep ocean. 
INTRODUCTION
Prokaryotes play a major role as biomass producers and transformers of dissolved organic matter (DOM) in the sea (Azam & Cho 1987) . Heterotrophic prokaryotes express extracellular enzymes (EE) to hydrolyze high molecular weight DOM into lower molecular weight (MW) compounds of < 600 MW, which is the MW threshold of DOM that can be taken up by prokaryotes (Weiss et al. 1991) .
Since the introduction of fluorescent substrate analogues (Hoppe 1983) to quantify potential extracellular enzymatic activity (EEA), this technique has been applied to a wide range of aquatic environments (Chrost 1989 , Rath et al. 1993 , Misic et al. 2006 . However, most of these applications have been restricted to the euphotic zone and coastal seas (Sala et al. 2001 , Zaccone et al. 2003 , Williams & Jochem 2006 . Only a few EEA profiles are available for the whole water column of the open ocean (Koike & Nagata 1997 , Hoppe & Ullrich 1999 , Baltar et al. 2009a .
The activity of EE in the dark ocean is likely related to the composition of sinking particulate organic matter (POM). Previous studies suggest that a substantial fraction of sinking POM is solubilized to DOM, fueling prokaryotic production in the meso-and bathypelagic zones (Cho & Azam 1988) . The observation that particulate organic carbon (POC) decreases faster with depth than prokaryotic carbon demand led to the formulation of the 'particle decomposition paradox' (Karl et al. 1988) . Cho & Azam (1988) proposed that the underlying reason for this is an over-expression of EE by the particle-associated prokaryotic community, which releases the EE into the particles. This overexpression of dissolved EE results in a loose hydrolysis-uptake coupling of cleavage products and consequently, to the potential release of these products into the surrounding water, eventually fueling free-living prokaryotes (Karner & Herndl 1992 , Smith et al. 1992 , Azam & Long 2001 . Prokaryotic EE can be released into the environment by a suite of different processes, either actively by the prokaryotic cell or via grazing activity (Chrost 1991 , Bochdansky et al. 1995 , Karner & Rassoulzadegan 1995 , and remain active for an extended period (Wetzel 1991) .
The importance of dissolved EE in material cycling in soils is widely recognized (McLaren & Skujins 1967 , Paul 1989 , Dick & Tabatabai 1992 ; however, less consensus exists about the relevance of dissolved enzymes in marine communities. Most EEA in the oceans has been found to be associated with prokaryotes (Hoppe 1983 , Hoppe et al. 2002 . Consequently, it has been assumed that only cell-associated EE are of ecological significance (Someville & Billen 1983 , Rego et al. 1985 , Chrost & Rai 1993 . Nevertheless, significant dissolved EEA in the oceanic water column has been detected on macroscopic particles such as marine snow (Karner & Herndl 1992 , Smith et al. 1992 , Müller-Niklas et al. 1994 .
Based on the notion that particle-attached prokaryotes are releasing EE into their environment and hence, exhibiting a loose hydrolysis-uptake coupling, we hypothesized that the contribution of the dissolved to the total EEA should be higher in the dark open ocean if deep-water prokaryotes are more dependent on POM as a substrate than surface-water prokaryotic communities. Heterotrophic microbial communities in surface waters have access to bioreactive DOM, while those in deep waters are in an environment where essentially all of the bulk DOM is refractory (Benner et al. 1992 , Aluwihare et al. 2005 .
In the present study, we investigated the dynamics of both total and dissolved EEA across the (sub)tropical Atlantic from the lower euphotic zone to the bathyand abyssopelagic layers (to 7000 m depth). We determined the EEA of 2 glycolytic enzymes (α-glucosidase and β-glucosidase), 1 proteolytic enzyme (leucine aminopeptidase) and alkaline phosphatase, and related them to prokaryotic abundance (PA) and heterotrophic production (PHP), as well as to the distribution of POC and particulate organic nitrogen (PON). We provide evidence that prokaryotic metabolism is related to the concentration of the POM pool and to the dissolved and total EEA, suggesting that colloidal and particulate organic matter might be more important for deep-water prokaryotes than hitherto assumed.
MATERIALS AND METHODS
Study site and sampling. EEA, heterotrophic prokaryotic biomass production and the concentration of POM were determined in several waters masses of the (sub)tropical Atlantic Ocean. The cruise track covered > 4500 km along an eastern zonal transatlantic (TA) transect (from Brazil through the Romanche Fracture Zone [RFZ], a major canyon in the Mid-Atlantic Ridge at the equator) and a western N-S transect (roughly parallel to the African continental slope, African) (Fig. 1) . Sampling from several depths, targeting the core of the main water masses, was done from the RV 'Pelagia' at 20 out of 30 stations occupied during the ARCHIMEDES-III cruise (December 2007 to January 2008 . Along the TA transect, samples were obtained from the base of the mixed layer (subsurface, 100 m layer), the oxygen minimum layer (OML; consisting of South Atlantic Central Water), the Antarctic Intermediate Water (AAIW), the Upper North Atlantic Deep Water (UNADW), the Middle North Atlantic Deep Water (MNADW), the Lower Northeast Atlantic Deep Water (LNEADW), and the Antarctic Bottom Water (AABW). In the RFZ, the NADW and AABW mix and form transitional waters (Trans), since the RFZ is sufficiently deep to allow significant eastward flow of the AABW. The AABW slowly transforms to the Lower Deep Water (LDW) by mixing with the NEADW (Ferron et al. 1998) . Along the N-S African transect, samples were taken from the subsurface, the OML (consisting of North and South Atlantic Central Water), the Sub-Arctic Intermediate Water (SAIW), the Upper Northeast Atlantic Deep Water (UNEADW), the NEADW, and the LDW. The specific water masses were identified based on their distinct temperaturesalinity characteristics and oxygen content (Table 1) . Samples from the distinct water masses were collected using 12 l Niskin bottles that were mounted on a CTD frame to determine total prokaryotic abundance and heterotrophic production, POM, and EEA as described below.
PA determination by flow cytometry. Prokaryotic plankton that were collected from the different depth layers of the water column were enumerated using flow cytometry. Samples (2 ml) were fixed with 1% paraformaldehyde (final concentration), shock-frozen in liquid nitrogen for 5 min and stored at -80°C. Picoplankton cells were stained with SYBR-Green I and enumerated on board using a flow cytometer (FACSCalibur, Becton Dickinson) within 2 d. Immediately before analysis, the thawed picoplankton samples were stained with SYBR-Green I (using a final concentration of 1× as recommended by the manufacturer) at room temperature in the dark for 15 min. Fluorescent microspheres (Molecular Probes) with a diameter of 1 µm were added to all samples as an internal standard. Counts were performed using an argon laser that was set at 488 nm wavelength. Prokaryotic cells were enumerated according to their right angle scatter and green fluorescence. The counting window of the flow cytometer was set to exclude eukaryotic plankton. ; Amersham) in temperature-controlled incubators in the dark at in situ temperature for 4 to 10 h. Incubations were terminated by adding formaldehyde (2% final concentration) 10 min prior to filtering the samples and the blanks through 0.2 µm polycarbonate filters (25 mm filter diameter, Millipore) supported by HAWP filters (Millipore, 0.45 µm pore size). Subsequently, the filters were rinsed 3× with 5% ice-cold trichloroacetic acid, dried, and placed in scintillation vials. Scintillation cocktail (8 ml Canberra-Packard Filter Count) was added, and after 18 h, counted in a liquid scintillation counter (LKB Wallac model 1212) on board. The mean disintegrations per minute (DPM) of the formaldehyde-fixed blanks were subtracted from the mean DPM of the respective samples and the resulting DPM converted to leucine incorporation rates. Prokaryotic carbon biomass production was estimated using a conservative theoretical conversion factor of 1.55 kg C mol -1 Leu assuming no internal isotope dilution (Kirchman & Ducklow 1993) . Average cell-specific leucine incorporation rates (fmol C cell
PHP measurement by
) were calculated by dividing bulk leucine incorporation by prokaryotic abundance.
POC and PON. Samples (4 to 6 l) for POC and PON were filtered through combusted (450°C for 12 h) 25 mm Whatman GF/F. The filters were wrapped in combusted aluminum foil and kept frozen at -20°C until processed. In the laboratory, the filters were thawed and dried overnight at 65°C in a desiccator under HCl fumes to remove carbonates and finally, dried overnight in a desiccator with silica gel. Prior to analysis, samples were packed into ultraclean tin caps. Carbon analyses were performed on a CHN elemental analyzer (Perkin-Elmer 2400) according to the JGOFS (Joint Global Ocean Flux Study) protocol (UNESCO 1994) . Concentrations of POM originating from lowvolume filtrations may be biased due to the possible sorption of DOM on the filter material (Moran et al. 1999) . Hence, sorption blanks were determined for each station by placing 2 Whatman GF/F on top of each other in the filter holder while filtering the water sample. The adsorbed organic C and N collected by the lower filter was measured as described above and subtracted from the POC and PON content of the corresponding particulate sample.
Measurement of prokaryotic EEA. The hydrolysis of the fluorogenic substrate analogues 4-methylcoumarinyl-7-amide (MCA)-L-leucine-7-amido-4-methylcoumarin, 4-methylumbelliferyl (MUF)-α-D-glucoside, 4-MUF-β-D-glucoside and MUF-phosphate was measured to estimate potential activity rates of leucine aminopeptidase (LAPase), α-, β-glucosidase (AGase, BGase), and alkaline phosphatase (APase), respectively (Hoppe 1983) . All chemicals were obtained from Sigma and appropriate stocks were prepared in methyl-cellosolve. The activity of the enzymes is linearly related to the fluorescence resulting from the hydrolytic cleavage of the monomer from MUF or MCA and was detected spectrofluorometrically using a fluorometer (Fluorolog-3) with a microwell plate reader (MicroMax 384, Horiba) at excitation and emission wavelengths of 365 and 445 nm. Samples (300 µl) were incubated in the dark at in situ temperature for 24 h. The linearity of the increase in fluorescence over time was checked on sets of samples that were incubated for 24 to 48 h, resulting in the same hydrolytic rates h -1
. Subsamples without substrate were used as blanks to determine the background fluorescence of the samples. Previous experiments showed that abiotic hydrolysis of the substrates was not significant (data not shown). The fluorescence obtained at the beginning and at the end of the incubation was corrected for the corresponding blank. This increase in fluorescence over time was transformed to hydrolysis activity using a standard curve that was established, with different concentrations of the fluorochromes MUF and MCA being added to 0.2 µm filtered sample water. To determine enzyme kinetics, model substrate concentrations should cover a sufficiently wide range. Twelve different concentrations were used for the different substrates, ranging from 0.39 to 800 µmol l -1 for APase and 0.98 to 2000 µmol l -1 for LAPase. For routine measurements, a final concentration of 10 µmol l -1 was applied to measure AGase and BGase activities, 100 µmol l -1 for APase and 500 µmol l -1 for LAPase. These concentrations have been previously determined as the saturating concentrations. Consequently, this approach yields potential hydrolysis rates.
Profiles of enzyme kinetics for APase and LAPase were determined at each station. The saturation curves were transformed into a Lineweaver-Burk or HanesWoolf plot to reveal maximum enzyme activity (V max , nmol l -1 h -1 ) and substrate affinity (Michaelis-Menten half-saturation constant; K m , µmol l -1 ). We distinguished between the total EEA of the sample and the dissolved fraction of the EEA and their respective enzyme kinetics. For total EEA, raw seawater was used; for dissolved EEA, samples were filtered through a low protein binding 0.2 µm Acrodisc Syringe filter (Pall), following the protocol of Kim et al. (2007) . As suggested by these authors, gentle pressure was applied and care was taken to avoid exposing cells to the air at the end of the filtration (Nagata & Kirchman 1990) . As indicated by Obayashi & Suzuki (2008) , the adsorption of extracellular enzymes can be substantial depending on the filter used for size fractionation. The latter authors found that around half of the LAPase activity could be adsorbed onto mixed cellulose ester membrane filters (adsorption > 90% for trypsin and chymotrypsin) as compared to low protein binding filters. This adsorption of enzymes on filters would lead to an overestimation of the particulate EEA fraction. Also, extracellular enzymes may be washed off from the cell surface even during gentle filtration and thus contribute to the pool of dissolved enzymes. However, due to the low abundance of prokaryotes that are typically found in the deep ocean, the potential release of ectoenzymes is unlikely to contribute much to the pool of dissolved EEA. In the present study, dissolved EEA was considered as the EEA obtained in the filtrate. Total and dissolved EEA were determined on 6 replicate samples. For enzyme kinetics, 3 replicate samples were used.
Statistical analysis. Data were log transformed to attain normality prior to applying Student's t-test and Spearman's rank correlation. To check the normality of the individual data sets, the Kolmogorov-Smirnoff test was used. For calculating uncertainties in ratios, error propagation was taken into account; SDs were calculated using a formula for the propagation of error (Bevington & Robinson 2003) as follows:
where z is the resulting metabolic rate or kinetic parameter, which is equal to x divided by y, as described in the formula. Δx and Δy are the SDs associated with x and y, respectively. Δz is the SD calculated for z. SDs were then converted to SEs for each calculation.
RESULTS

PA and PHP
As expected, PA decreased with depth by one order of magnitude ( Fig. 2A) over the 100 to 7000 m depth range. Despite the fact that PA was higher in all the water masses of the African transect than along the TA transect, no significant differences were found between the average values of the 2 transects (t-test; p = 0.24, n = 139). PHP also decreased with depth, although by 3 orders of magnitude (Fig. 2B) , being only slightly higher in the subsurface and OML of the TA than of the African transect. Average cell-specific PHP decreased with depth by 2 orders of magnitude (Fig.  2C ). Similar to PHP but contrasting with PA, average cell-specific PHP was only slightly higher in the subsurface and OML layers of the TA than of the African transect. As in PHP, no significant differences in average cell-specific PHP (t-test; p > 0.05) were found in any of the water masses between the 2 transects.
Distribution of POM
POC (Fig. 3A) was significantly higher in all the water masses of the TA than in those of the African transect (t-test; p < 0.001, n = 106). In the TA, POC increased by a factor of 2 from the 100 m depth layer to the AAIW, and decreased thereafter to concentrations similar to those of subsurface waters (Fig. 3A) . In the African transect, however, POC concentrations decreased with depth from subsurface waters to the LNADW to about half of the subsurface POC concentration, and increased in the deepest water mass sampled (LDW) to POC concentrations similar to those of subsurface waters (Fig. 3A) .
PON concentrations were generally 1 order of magnitude lower than POC concentrations (Fig. 3B) , decreasing with depth in both transects. In contrast to POC, significantly higher (t-test; p < 0.05, n = 105) Table 1 for the depth range of each water mass). (A) Prokaryotic abundance (PA, cells ml ). Error bars: SE. See Table 1 for water mass abbreviations PON concentrations were found along the African transect than along the TA transect (compare Fig. 3A & B), albeit PON concentrations were similar in the deepest water masses (Trans, NADW, LDW and AABW) of the 2 transects (t-test; p > 0.05). Throughout the entire water column, the mean C:N ratio of POM (Fig. 3C ) was significantly higher along the TA than along the African transect (t-test; p < 0.0001, n = 105), due to both the higher POC and lower PON concentrations in the former than in the latter.
Total and dissolved EEA
In contrast to PHP, total and dissolved EEA decreased only slightly with depth (Fig. 4) . The different total EEA were significantly correlated with each other (r S , p < 0.0001). A particularly strong correlation was found between AGase (Fig. 4A) and BGase (Fig. 4B ) activities (r S = 0.91, p < 0.0001, n = 106) (compare Fig. 4A & B) . Leucine aminopeptidase (LAPase; Fig. 4C ) and alkaline-phosphatase (APase; Fig. 4D ) activities were generally higher than those of AGase . Total extracellular enzymatic activities (EEAs) are plotted as black isolines over the dissolved EEAs (colour gradients). Where colour shades are missing, only total EEA was measured. Vertical line: boundary between the Transatlantic and the African transects. Diss: dissolved and BGase, particularly at the base of the euphotic layer (subsurface layer). APase activity decreased less with depth than the activities of AGase, BGase and LAPase. As with total EEA, the different dissolved EEA were also significantly correlated with each other (r S , p < 0.0001). Again, the strongest correlation was found between dissolved AGase and BGase (r S = 0.90, p < 0.0001, n = 66). The distribution patterns of the dissolved and the total EEA for all the enzymes (AGase, BGase, LAPase and APase) were very similar along the cruise track and throughout the water column (compare black isolines with color background in Fig. 4A-D) . Hence, the different total and dissolved EEA were correlated with each other (r S , p < 0.005). The log-log slope of the dissolved versus total EEA was very close to 1 for AGase (slope = 0.98, n = 66, R 2 = 0.96), BGase (slope = 0.97, n = 66, R 2 = 0.95) and LAPase (slope = 0.93, n = 66, R 2 = 0.98), but lower for APase (slope = 0.75, n = 66, R 2 = 0.85). No significant differences in any of the EEA were detectable (t-test; p < 0.05) between the African and the TA transects. Average cell-specific EEA increased with depth for all the enzymes (data not shown).
The contribution of the dissolved to the total EEA (Fig. 5A-D) was high in the aphotic layers for all enzymes, particularly for LAPase and APase (Fig. 5C,D) , whereas the contribution of dissolved AGase and BGase to their respective total EEA was more patchy (Fig. 5A,B) . Overall, no significant differences were found in the percentages of the dissolved to the total EEA for any of the enzymes between the 2 transects (t-test; p < 0.05).
Dynamics in the kinetics of total and dissolved LAPase and APase
At 6 stations (diamonds in Fig. 1 ), profiles of kinetic parameters for total and dissolved LAPase and APase were obtained. Generally, the maximum hydrolysis rates (V max ) of total and dissolved LAPase and APase decreased with depth (Fig. 6A,B) . Significant differences in the V max of total and dissolved LAPase (t-test; p < 0.001, n = 29) and APase (t-test; p < 0.001, n = 30) were found between the subsurface and OML and the deeper water masses. Significant differences in V max between the dissolved and total fractions were only found in subsurface waters (t-test; p = 0.013, n = 10) and in the OML (t-test; p = 0.048, n = 10) for LAPase, and in the AAIW (t-test; p = 0.038, n = 10) for APase. In these upper water masses, the differences in V max between the dissolved and total fractions were higher for APase (Fig. 6B ) than for LAPase (Fig. 6A) . The detected difference in the V max between dissolved and total APase coincided with the lower contribution of dissolved APase to the total APase pool as compared to that of LAPase (Fig. 4A-D) .
In contrast to V max , the half-saturation constants (K m ) of the total and the dissolved fractions of LAPase increased with depth (Fig. 6C) . The subsurface and OML exhibited significantly lower K m than the deeper water masses for total (t-test; p = 0.00013, n = 29) and dissolved (t-test; p = 0.0005, n = 29) LAPase, and for total APase (t-test; p = 0.0004, n = 30; Fig. 6D ). As with V max , the difference in K m between the total and the dissolved fractions was higher for APase (Fig. 6D ) than for LAPase (Fig. 6C) , particularly in the 2 upper water masses. Significant differences in K m between the dissolved and the total fractions were only found for APase in the OML (t-test; p < 0.05, n = 10).
DISCUSSION
Only a few reports on EEA in deep oceanic water columns are available. Our range of LAPase activities (0.2 to 13.8 nmol l -1 h ; Koike & Nagata 1997) . However, the latter study only measured the particulate fraction of APase (> 0.2 µm), which might explain the low values reported by these authors.
Although it has been assumed that only cell-associated EE are of ecological significance (Someville & Billen 1983 , Rego et al. 1985 , Chrost & Rai 1993 , the contribution of dissolved EEA to the total EEA (AGase, BGase, LAPase and APase) measured in this study was high in the dark open ocean, reaching almost 100% (Fig. 5A-D) . Several studies have addressed the Fig. 5 . Distribution of the percentages of dissolved relative to the total (A) AGase (α-glucosidase), (B) BGase (β-glucosidase), (C) LAPase (leucine aminopeptidase) and (D) APase (alkaline phosphatase) activities throughout the water column along the entire ARCHIMEDES-III cruise track (from Stns 18 to 38). Note that panels start at Stn 18 because no measurements of dissolved EEA were performed between Stns 4 and 18 (see Fig. 4 ). Vertical line: boundary between the Transatlantic and the African transect. SEs were ~9, 10, 2 and 3% for AGase, BGase, LAPase and APase, respectively importance of dissolved EEA to total hydrolytic activity. Someville & Billen (1983) reported that most of the exoprotease activity in the eutrophic Belgian coastal waters was in the dissolved fraction. In Tokyo Bay, dissolved carboxypeptidase activity contributed between 10 and 50% of the total EEA, both in freshwater and seawater communities (Hashimoto et al. 1985) . In the Adriatic Sea, over a time-course of 22 h, dissolved α-and β-glucosidase activity reached 73 and 65% of the activity in unfiltered water, respectively (Bochdansky et al. 1995) . Over a diel cycle at a coastal site in the western Mediterranean Sea, dissolved AGase and BGase activities ranged between 0 and 100% of total activities (Karner & Rassoulzadegan 1995) . Free laminarinase activity contributed up to 100% of total laminarin and 48 to 69% of total xylan hydrolysis in a mesocosm experiment during a phytoplankton bloom (Keith & Arnosti 2001) . In the Elbe Estuary, Karrasch et al. (2003) reported that the dissolved EEA reached 20 to 80% of the total water column activity. Ziervogel & Arnosti (2008) who studied the EEA of surface waters in the northeastern Gulf of Mexico concluded that dissolved EEA plays a significant role in the hydrolysis of high-molecular weight substrates. All the above studies highlight the major contribution of dissolved EE to total hydrolytic activity, despite its variability in time and space. Nevertheless, none of these studies addressed the importance of dissolved EEA with respect to total EEA throughout the entire water column of the open ocean, and in particular the deep sea. ). Error bars: SE, * : water masses where significant differences in enzyme kinetics between dissolved and total extracellular enzymatic activities (EEAs) were measured. See Table 1 for water mass abbreviations. diss: dissolved In the only profile available that compared dissolved and total EEA in the ocean, Davey et al. (2001) found that total potential LAPase rates significantly decreased with depth (0 to 200 m depth) while dissolved LAPase did not. Thus, the contribution of dissolved LAPase increased towards the deeper waters. Our results are in agreement with the EEA profile reported by Davey et al. (2001) , but extended the findings to the bathy-and abyssopelagic realm.
This rather high contribution of dissolved to the total EEA is surprising, as it is commonly assumed that freeliving prokaryotes exhibit a tight hydrolysis-uptake coupling with the ectoenzymes attached to the cell wall or in the periplasmic space, where hydrolysis of macromolecular substrate occurs in intimate vicinity to the sites of hydrolysis product uptake (Hoppe et al. 2002) . In contrast, particle-associated prokaryotes have been suggested to exhibit a loose hydrolysis-uptake coupling with the extracellular enzymes released into the particle. Enzymatic cleavage of substrate can thus occur at some distance from the cell (Smith et al. 1992) . Vetter & Deming (1999) reported that released bacterial EE could produce sufficient hydrolysate from POC to support growth in the absence of any other significant source of DOC and without direct contact between the cell and particulate substrate. These empirical results obtained by Vetter & Deming (1999) support the model-based predictions formulated in an earlier paper (Vetter et al. 1998) , suggesting that dissolved EE are advantageous when bacteria are attached to particles and when the substrate is within a well-defined distance from the enzyme source.
The factors determining the contribution of dissolved to the total EEA are not well understood. Investigations on pure cultures of bacteria have demonstrated that EE can be released from cells in the presence of the corresponding substrate (Alderkamp et al. 2007) , as a function of the growth phase (Antranikian 1992) , in response to bacterial starvation (Albertson et al. 1990 ), viral lysis (Karner & Rassoulzadegan 1995) , protozoan grazing (Bochdansky et al. 1995) , or changes in microbial cell permeability (Chrost 1991) . Once EE are released, they will remain active for a certain period. However, the lifetime of dissolved EE in marine waters is largely unknown, and different enzymes seem to have different hydrolytic lifetimes. In an enzyme degradation experiment, Bochdansky et al. (1995) found that ~70% of the initial dissolved AGase and BGase activities remained after 22 h. Ziervogel & Arnosti (2008) showed that free laminarinase was highly active only in the initial phase of a 144 h incubation, whereas xylanase, pullulanase and chondroitin hydrolase were active throughout the entire incubation period.
There are 2 possible reasons for the high dissolved EEA in the deep ocean. Either the dissolved EE are a consequence of the substrate history of the water masses, or they are actively released by prokaryotes. The first option would depend on passive advection of the dissolved EEA by horizontal and vertical transport. No autochthonous release of EE would then be required, as the dissolved EE would be generated elsewhere. However, this would require that the dissolved EE remain active for a prolonged period. The lifetime of free enzymes has been shown to be extended if they are associated with particles (Gianfreda & Scarfi 1991 , Ziervogel et al. 2007 ). Koike & Nagata (1997; deep central Pacific) and Kim et al. (2007;  benthic nepheloid layer of a mesotrophic lake) suggested that the high APase activity coinciding with high phosphate concentrations might be due to the transport of these enzymes that are attached to rapidly sinking particles from the euphotic zone and their subsequent fragmentation and dissolution. It is known that surface associations may offer dissolved EE an improved resistance to physicochemical degradation (Lähdesmäki & Piispanen 1992) , and protection from remineralization (Lozzi et al. 2001) . There is also evidence that bacterial EE can be embedded in an exopolymeric matrix (Decho 1990 ). Dissolved EE may become attached to this matrix and form a complex similar to the enzyme-humic complexes in soils (Chrost 1990 ). Another potential mechanism for the incorporation of EE into detrital particle complexes would be the trapping of digestive enzymes within partially degraded bacterial membranes which act as micelles (liposomes) (Nagata & Kirchman 1992) . A large fraction of the dissolved EE may be trapped by particles including colloids or liposomes. Furthermore, the additional stabilizing effects of low temperatures that are characteristic of the deep ocean could also facilitate the preservation of dissolved EE in the deep ocean as compared to shallow waters. The discontinuities shown by EEA in the vertical profiles (Fig. 6 ) further suggest signals of advective water transport.
The kinetic parameters (V max and K m ) for LAPase and APase determined in this study (Fig. 6A-D) are in the same range as those obtained in a previous Atlantic study (Baltar et al. 2009a) , which is the only other study where kinetic parameters have been determined throughout the whole oceanic water column. As in the present study, Baltar et al. (2009a) reported a decrease in the V max of LAPase (~12 to 3 nmol l -1 h -1 ) and APase (~0.3 to 0.1 nmol l -1 h -1 ) and an increase in the K m of LAPase (~400 to 1200 µM) and APase (~2 to 23 µM) with depth down to 4500 m. Tamburini et al. (2002) obtained lower K m values (ranging between 0.4 and 1.1 µM) for LAPase in the Mediterranean deep-waters (down to 2000 m depth) than in the present study. However, the APase K m values (0.05 to 1.2 µM) reported by Tamburini et al. (2002) are in the same range as the APase K m we obtained. In contrast to Tamburini et al. (2002) , but in agreement with Baltar et al. (2009a) and with the present study, Davey et al. (2001) reported increasing total LAPase K m values with depth, from ~70 µM in surface waters to 250 µM at 200 m depth in the North Atlantic. In the latter study; however, dissolved LAPase K m was between 500 to 3000 µM with no depth-related trend. These authors also found a significant decrease in the total LAPase V max with depth but not in the dissolved V max . The differences between the LAPase K m obtained by Tamburini et al. (2002) and the other studies including the present one could be due to the fact that Tamburini et al. (2002) added substantially lower substrate concentrations (0.05 to 5 µM). The same distribution pattern with depth (decrease in V max and increase in K m ) as reported in the present study was found by Davey et al. (2001) and by Baltar et al. (2009a) . The increase in K m and in the cell-specific V max :K m ratio (which describes the ability of enzymes to compete at low substrate concentrations; Healey 1980) with depth is most likely due to the refractory nature of the organic matter present in deep waters. The high K m found in the deep ocean for the 2 enzymes (Fig. 6C-D ) might also suggest that the bulk of deep-water prokaryotes are subjected to a way of life that is dependent on pulses of organic matter supply. Hoppe et al. (1993) suggested that mesopelagic bacteria have the capability to respond or adapt rapidly to nutrient changes. Moreover, a substantially higher V max than the actual uptake rates or turnover of the substrates has been previously reported (Hoppe et al. 1993 , Davey et al. 2001 . This might indicate substrate limitation or an excess of EE. The latter would allow prokaryotes to rapidly utilize pulses of substrates. As shown by the kinetic experiments (Fig. 6 ) and the contribution of dissolved EEA (Fig. 5) , APase seems to be more particleassociated than LAPase. This could be explained if, as suggested by Koike & Nagata (1997) and Kim et al. (2007) , APase was more associated with solid sinking algal aggregates, which would not be as prone to destruction by filtration as gel-like particles. Overall, the fact that the kinetic parameters of total and dissolved EE are similar in the meso-and bathypelagic waters (Fig. 6A-D) suggests that dissolved and total EE are of the same origin, with dissolved EE not being advected from other areas.
A similar origin for dissolved and total EEA would support the second hypothesis explaining the observed dominance of dissolved EEA in the dark waters of the central Atlantic Ocean. Thus, EEA might result from autochthonous prokaryotic activity associated with fragile colloidal and particulate material, which are prone to be disrupted during sampling. It is well known that coagulation processes can lead to the formation of colloidal and ultimately, microparticulate organic material (Verdugo et al. 2004) . Even lowmolecular weight DOM has the potential to coagulate spontaneously to form polymeric gels (Azam 1998 , Chin et al. 1998 . These microgels may interact with other colloidal matter, forming distinct submicrometer particles that are ubiquitously present in seawater at concentrations of up to 10 9 ml -1 (Koike et al. 1990 , Wells & Goldberg 1992 , Wells 1998 . This polysaccharide-based condensed matter harbors a higher concentration of nutrients than the surrounding water (Müller-Niklas et al. 1994) . Bacteria have been reported to be enriched by up to 3 orders of magnitude on particles (Müller-Niklas et al. 1994) . These would generate nutrient-enriched zones in the micrometer range, similar to the microzones proposed by Azam (1998) . The above-cited papers (this paragraph), however, all dealt with colloidal and marine snow-type particles in the euphotic layer and upper mesopelagic realm. Whether this kind of particle also prevails in the deeper meso-and bathypelagic ocean is largely unknown. Recently, Verdugo et al. (2008) reported high concentrations of DOM polymers that were spontaneously forming bioreactive polymer gels in coastal and oceanic samples collected down to depths of 4000 m. These recently discovered self-assembled microgels are extensively colonized by microbes. The concentration of these particles is estimated to be 10 to 50× larger than the total biomass of marine organisms, and could thus be among the richest pools of bioreactive carbon on our planet. Moreover, they could supply a major fraction of the microbial substrate, which could be particularly important in the deep ocean where substrate is limited.
In the present study, POM distribution was significantly different between the TA and the African transects (Fig. 3A-C) , probably due to distinct oceanographic conditions (e.g. different water masses and circulation patterns, proximity to upwelling regions). However, along the 2 transects, POC concentrations were rather constant while PON decreased with depth (particularly in the TA transect), leading to higher POC:PON ratios in deeper layers. The observed stable distribution of POC with depth is in striking contrast to the generally observed decrease in sinking POC collected with sediment traps (Antia et al. 2001) , and might reflect the potential of deep-water DOC to coagulate and form POC as proposed by Verdugo et al. (2008) .
Thus, there is evidence that carbon-rich colloidal and/or particulate organic matter is abundant in the deep ocean. The release of EE into particles by particle-associated prokaryotes might help in maintaining relatively high metabolic activity as compared to their free-living counterparts. In fact, bacterial foraging theory suggests that independent of possible assemblage differences, individual bacteria may produce more EE in diffusionally constrained space such as particle aggregates, where the return of hydrolysate is potentially high (Vetter et al. 1998) or, when confronted with polymeric organic matter (Chrost 1991 , Vetter & Deming 1999 . Moreover, Allison (2005) argued that microbes releasing EE have a competitive advantage over other microbes in environments with low rates of enzyme diffusion, such as sediments or particles.
To further investigate whether prokaryotes are associated with suspended particulate organic material in the deep ocean, prokaryotic metabolic activity was compared with the POM pool ( Table 2 ). Significant correlations were found between the POM pool, PHP, and the dissolved and total EEA, as well as the contribution of dissolved to the total EEA for all the enzymes studied. PHP was correlated (r S , p < 0.002) with dissolved and total AGase, BGase, LAPase and APase ( Table 2 ). The strongest correlations with PHP were found for APase (PHP to total APase: r S = 0.67, p < 0.0001, n = 93; PHP to dissolved APase: r S = 0.71, p < 0.0001, n = 53; PHP to % of dissolved to total APase: r S = -0.62, p < 0.0001, n = 53), and for the contribution of dissolved to total LAPase (r S = -0.67, p < 0.0001, n = 53). Furthermore, POC was significantly correlated (r S , p < 0.0001) with the 4 dissolved and total EEA, and with the contribution of dissolved to total LAPase and APase, but not with the percentage of dissolved to total AGase and BGase (Table 2 ). It is noteworthy that the strongest correlations between EEA (dissolved and total) and PHP and POC are those for LAPase and APase, which are the EEA exhibiting the highest rates (see 'Results'). In contrast, PON was only strongly significantly correlated with total APase (r S = 0.36, p < 0.0001, n = 50) and dissolved APase (r S = 0.40, p < 0.0001, n = 50). In addition, the POC:PON ratio was also significantly correlated with the 4 dissolved and particulate EEA (r S , p < 0.0001), probably due to the lower influence of PON than of POC on prokaryotic metabolism ( Table 2 ). The significant relation between total and dissolved EEA, and between EEA and the POM pool and prokaryotic metabolism suggests an active response to the organic matter pool by the prokaryotes.
The observed pattern of the relative contribution of dissolved to the total EEA is unlikely to be due to the measurement of these parameters under surface pressure rather than under in situ pressure conditions. Thus far, no consistent trend has emerged from studies on the effect of hydrostatic pressure on bathypelagic prokaryotic activity including EEA. There is evidence that deep-water prokaryotic activity may be overestimated if measured under decompressed conditions (Jannasch & Wirsen 1982) , while other studies report an inhibition of prokaryotic activity under decompressed conditions (Tamburini et al. 2003) . It is well known that prokaryotic enzymes might be adapted to a specific hydrostatic pressure (Jannasch & Taylor 1984 , Somero 1992 . In fact, Tamburini et al. (2002) showed that LAPase and APase rates measured in samples maintained under in situ pressure conditions were ~2× higher than those measured under decompressed conditions. Thus, our reported EEA might have been increasingly underestimated with depth as compared to the in situ EEA; hence, the high EEA reported in the deep Atlantic might actually be even higher under in situ pressure conditions. Overall, however, there is no reason or evidence to assume that the pressure effect would act differently on the dissolved and the particulate EEA; thus, the relation between dissolved and total EEA reported here should be unaffected by potential pressure effects.
Recently accumulating evidence suggests that the particle-associated life mode of prokaryotes in the deep ocean might be more common than hitherto assumed. Arístegui et al. (2005) and Reinthaler et al. (2006) reported increasing nucleic acid content per cell with depth, which is indicative of a larger genome size, and in turn, might point to an opportunistic life style (Lauro & Bartlett 2007) . DeLong et al. (2006) found that deep-water prokaryotes are enriched in transposases, polysaccharide and antibiotic synthesis genes and high numbers of chaperone-encoding genes, Table 2 . Correlation coefficients (r S ) between extracellular enzymatic activity (total, dissolved and percentage of dissolved relative to total) of AGase (α-glucosidase), BGase (β-glucosidase), LAPase (leucine aminopeptidase) and APase (alkaline phosphatase), and prokaryotic heterotrophic production (PHP) and suspended particulate organic matter (POC: particulate organic carbon; PON: particulate organic nitrogen). Sample size (n) varies between 50 and 93; *p < 0.05, **p < 0. all suggesting a predominantly particle-attached life mode. Recently, González et al. (2008) found that the genome of a representative of a common bacterioplankton group (Polaribacter sp. MED 152 of the Flavobacteria) contains a substantial number of genes for attachment to surfaces or particles, gliding motility, and polymer degradation. Kirchman (2008) commenting on the findings of González et al. (2008) , indicated that due to the fact that detrital particles are not very numerous in the oceans, the 'desert' between particles may be studded with colloids, gels, and various forms of highmolecular weight DOM, which are all potential sources of carbon and energy (p. 84-88) Baltar et al. (2009b) found a relation between suspended POM and prokaryotic respiration in the dark ocean, suggesting that microbial life in the deep ocean is likely more dependent on slowly sinking or buoyant, laterally advected suspended particles than thus far anticipated.
The notion that microbes grow in association with (colloidal) particles in the deep ocean, where they may maintain relatively high metabolic activities, could also explain the high levels of dissolved EEA found in the dark realm of the ocean. However, the colloidal microenvironment where microbial assemblages might thrive is likely to be substantially altered during sample collection using standard methods, probably leading to the disruption of the size-continuum of the organic matter field. Consequently, new sampling strategies are needed to selectively collect deep ocean particles and, thus, decipher the actual role of particleattached versus free-living microbes in the deep ocean's biogeochemistry and ecology. 
